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Abstract
Large Combined Heat and Power (CHP) plants are often employed in order to
feed district heating networks, in Europe, in post soviet countries and China.
Traditionally they have been operated following the thermal load with the
electric energy considered as a by-product, while the modern trend includes
them in the electric market to take advantage of the flexibility they could
provide. This implies the necessity to consider the impact on the electric
grid while filling the thermal load requests.
A detailed Mixed Integer Linear Programming (MILP) optimization model
for the solution of the network-constrained CHP unit commitment of the day-
ahead operation is introduced. The developed model accounts for lossless DC
network approximation of the electric power flow constraints, as well as a de-
tailed characterization of the CHP units with useful effect, heat and power,
function of one and two independent variables (“degrees-of-freedom”), and
thermal energy storage. A computational validation of the outlined model
on a CHP test system with multiple heating zones is presented in the form of
computational test cases. The test cases illustrate the impact on the flexibil-
ity of the implementation of the energy storage, network constraints and joint
multi-system operation. The conducted studies have highlighted the impor-
tance of a comprehensive and integrated analysis of multi-energy systems to
exploit the operational flexibility provided by the cogeneration units. The
joint operation of the thermal and electric system allows to reap economic,
operational efficiency, and environmental benefits. The developed model can
be easily extended to include diverse multi-energy systems and technologies,
as well as more complex representations of the energy transmission networks,
and the modeling of renewable energy resources dependent of one or more
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independent, weather-related, variables.
Keywords: Combined Heat and Power, Unit Commitment, Heat Storage,
Mixed Integer Linear Programming (MILP), Network-constrained
Nomenclature list
Sets
I Set of all generation units i in the system
EP Units that produce electric power
HT Units that produce high-temperature heat
CHP Units that produce both electricicity and heat (EP ∩HT )
I1 Units with one independent variable
I2 Units with two independent variables
Ji Set of evaluation points to characterize the energy output based
on the first independent variable for i ∈ I1
Ki Set of evaluation points to characterize the energy output based
on the second independent variable for i ∈ I2
Indexes
i Generation unit
j Sampling point for the first independent variable
k Sampling point for the second independent variable
n Power node. w = alias(n)
t Time step. t˜ = alias(t)
z Thermal zone
Superscripts
d Demand
f Fuel
low Related to the lower triangle for bi-dimensional piecewise lin-
earization
OM Operation & Maintenance
∗Corresponding author
Email address: alvaro.gonzalez@skolkovotech.ru (Alvaro Gonzalez-Castellanos)
Preprint submitted to Applied Energy September 26, 2018
s Storage-related
st Startup
tm Time-related
up Related to the upper triangle for bi-dimensional piecewise lin-
earization
Parameters
Bnw Susceptance between the nodes w and n, p.u.
C fi Cost of fuel for unit i, e
COM,fi Operation & Maintenance cost by fuel consumption of the unit
i, e
COM,sti The cost of Operation & Maintenance of the unit i linked to its
start up procedures, e
COM,tmi The cost of Operation & Maintenance of the unit i linked to its
operational time, e
Csti Cost penalization per startup procedure for i, e
DRi Down-ramp rate for unit i ∈ EP , MWh
Eˆi,j Electric energy generation of unit i ∈ EP ∩ I1, correspondent
to the evaluation point j, MWh
Eˆi,j,k Electric energy generation of i ∈ EP ∩ I2, correspondent to the
evaluation point (j, k), MWh
Ei Maximum electricity output for i ∈ EP , MWh
Ei Minimum electricity output for i ∈ EP , MWh
Edn,t Electric energy load at n during time t, MWh
Fˆi,j Evaluation point j for the fuel consumption (first independent
variable) of the unit i, MWh
Φkw Maximum permissible active power through power line con-
nected between n and w, MW
Γi,z Binary parameter representing if the unit i ∈ HT serves the
zone z
ηz Efficiency for the transfer of heat within zone z, %
Hˆi,j Thermal energy generation of i ∈ HT ∩ I1, correspondent to
the evaluation point j, MWh
Hˆi,j,k Thermal energy generation of i ∈ HT ∩ I2, correspondent to
the evaluation point (j, k), MWh
H i Maximum heat output of unit i ∈ HT , MWh
H i Minimum heat output of unit i ∈ HT , MWh
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Hdz,t Total thermal load for z during time t, MWh
Lsz Percentage of the storage level that is lost per hour in the stor-
age of the zone z, %
N sti Maximum number of start up processes tolerated by the unit i
MTi Minimum time that the unit i ∈ I must be kept turned on, h
Oˆi,k Break-point k for the second independent variable of the unit
i ∈ I2
Ωin Binary parameter representing if the electric unit i ∈ EP is
connected to node n
Pˆi,j Electric power generation of unit i ∈ EP ∩ I1, correspondent to
the evaluation point j, MW
Pˆi,j,k Electric power generation of unit i ∈ EP ∩ I2, correspondent to
the evaluation point (j, k), MW
P dn,t Electric power load at n during t, MW
Sz High-temperature heat storage capacity of the zonal storage for
zone z, MWh
URi Up-ramp rate for unit i ∈ EP , MWh
Variables
αi,j,t Variable associated with each breakpoint j of the unit i ∈ I1
during t.
αi,j,k,t Variable associated with each breakpoint (j, k) of the unit i ∈ I2
during t.
δn,t Phase angle of node n during t.
ei,t Electric energy generation of i ∈ EP during t.
fi,t Fuel consumption of unit i during t.
hi,t Total heat production of unit i ∈ HT during t.
hi,z,t Thermal energy generation of unit i ∈ HT in zone z during t.
pi,t Electricity production of unit i ∈ EP during t.
pnw,t Active power flowing through power line connected between
nodes n and w during t.
sz,t Level of the thermal storage in zone z during t.
βi,j,t Dummy binary variable associated with the characterization of
the performance curves of the unit i ∈ I1 in the jth interval
[fj, fj+1] during t.
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βupi,j,k,t Binary variable associated with the upper triangle of the rect-
angle corresponding to the intervals [fj, fj+1] and [ok, ok+1], for
the characterization of the performance curves of i ∈ I2 during
t.
βlowi,j,k,t Binary variable associated with the lower triangle of the rect-
angle corresponding to the intervals [fj, fj+1] and [ok, ok+1], for
the characterization of the performance curves of i ∈ I2 during
t.
τi,t Binary variable symbolizing if i has been turned on during t.
θi,t Binary variable representing if i is turned on or off during t.
1. Introduction
Large-scale Combined Heat and Power (CHP) plants, above 10MW, are
being increasingly deployed within the industrial and public sectors. By 2011,
their share increased to 79 % of the total thermal energy in District Heating
(DH) networks, thereby making it an essential element in the energy mix of
countries that endure long winters [1]. The reason behind such an increase
is two-fold: due to their higher efficiency (first principle thermodynamics
efficiency) in converting the primary energy, fuel, into heat and power (useful
effect) compared to separate conventional generation, and their flexibility in
varying the share of generated heat and power depending on the adopted
technology, as is the case of the extraction condensing steam turbine. The
importance of the heat produced by the CHP plants has been one of the
leading arguments for the introduction of DH [2]. This has also been reflected
on their share of generated electric power, reaching as much as 50 % of
the total electricity generation in countries such as China, Latvia, Russia,
Finland, and Denmark [3].
CHP units have their heat and electric power generation depending on the
number of independent variables - i.e., “degrees-of-freedom”. The so-called
“one-degree-of-freedom” units consider the load percentage representing the
consumed fuel as the one and only independent variable e.g. simple cycle
gas turbine, whereas other units can be controlled based on two indepen-
dent variables, “two-degrees-of-freedom”, which allow to decouple the heat
and electricity generation e.g. extraction condensing steam turbine whose
independent variables are the above-mentioned fuel and the valve opening
controlling the ratio of heat and electric power. Such generation flexibil-
ity could allow for the balancing of fluctuating renewable energy resources.
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The CHP units could provide a higher thermal output when the renewable
generation is higher, and contribute to the electric energy balance once the
renewable resources contribution diminishes.
The current practice of operating CHPs is a decoupled one. In other
words, the units are primarily following the thermal load. After the ther-
mal working point has been set on the comprehensive generation curve, an
electric economic dispatch is performed. The generated electricity is thus
constrained by the generated heat, and its generation model is simplified
accordingly. Such an approach does not achieve a global minimum cost of
system operation, since the optimization of the thermal and electric systems
are performed in a sequencial, rather than integrated way. While accounting
for energy storage, a decoupled dispatch diverges further from achieving the
minimum operating cost. This corresponds to the fact that when combined
with CHP units, the use of energy storage facilitates load shifting, increasing
the flexibility of the system [4, 5].
Moreover, the electric power flow constraints must also be accounted for.
The lack of consideration of the electric power flow could lead to safety vio-
lations, resulting in the loss of served load. The average annual value of the
economic losses due to unserved load is 10,000 e/MWh and its value is higher
during the winter months for households of EU Member States in Northern
Europe 1.Hence, a coupled heat and electric power dispatch of CHPs, while
accounting for electric transmission flow constraints, becomes economically
attractive [7].
1.1. Relevant literature
The non-linear non-convex nature of energy generation curves of CHP
units along with the electric power flow equations makes the coupled CHP
unit commitment and economic dispatch (CHPED) problem non-linear and
non-convex. Moreover, the binary states associated with on/off and start
up of the units result in a Mixed Integer Non-linear Programming (MINLP)
CHPED model. Solving such a computationally challenging problem [8] is
handled by piecewise linearization of the performance curves which, in turn,
transform the problem into a Mixed Integer Linear Programming (MILP)
one [9]. This formulation takes advantage of the effectiveness of state-of-
the-art linear solvers instead of nonlinear ones [10]. Piecewise linearization
1This value is estimated based on the amount that the end users would be willing to
pay to their energy retailer to guarantee an uninterrupted electricity supply [6].
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approach has proven to be close to the real solution with a moderate amount
of piecewise intervals and has already been implemented in solving CHP dis-
patch problems [9]. Moreover, mathematical [11, 12] and heuristic methods
[13, 14, 15] are also employed in solving such a problem.
Several literature have addressed the integration of electric power flow in
integrated heat and power models. Among them are the methods based on
the development of non-convex models for the electric and thermal networks
[16], and the integration of gas networks [17].
Additional works have focused on the development of convex models for CHP
systems based on multi-energy virtual power plants [18], i.e., distributed en-
ergy generation operated as one larger plant; and integration of renewable
energy resources: wind [19, 20], and solar thermal [21]. The focus of these
convex models was mainly on energy flows between the systems neglecting
the effect of the network constraints in the flexible operation of the units.
In the previously described works the electric, thermal and CHP units are
modeled as constant efficiency units, thereby leading to a strongly simpli-
fied characterization given the nonlinear nature of the performance curves
of the units. An accurate representation of the energy generation at partial
load becomes essential when considering short-term scenarios and assessing
the system flexibility [22]. This corresponds to the fact that in a constant-
efficiency-based model the generation units do not posses a measurement of
how adjustable the power and heat production of a CHP can be, allowing
it to produce more energy for the daily electricity demand peaks when the
thermal request is low, and viceversa. Conducing to an over sizing of the
required generation capacity.
Rong et al. [23] developed a model for the optimization of a CHP dispatch
with multiple generation and consumption sites based on a dynamic pro-
gramming model. In this study, the electric power flow is calculated based
on an energy flow model, without the inclusion of Kirchhoffs voltage law.
Hence, the electric power was transmitted between the nodes based on a
nodal power balance, surplus and shortage, rather than based on the actual
path that the current would follow based on the electric characteristics of
the transmission line. This could lead to the overestimation of the amount of
power flowing between two nodes and its related generation output, making
it necessary to redispatch some of the scheduled generators and incurring in
scheduling compensation costs. The balance for the modeled heat sites was
based on a load-generation balance, the use of thermal energy storage was
not included.
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An optimization framework for the integration of thermal and electric
energy system while assessing the network constraints of the electric grid
is defined by Morvaj et al. [24]. The power flow is successfully integrated
within the CHPED problem in a radial distribution network.
Nuytten et al. [25] evaluated the increase in operation flexibility conse-
quence of the combination of a CHP unit with thermal energy storage. In
this work, the maximum flexibility of the system as a function of the CHP
and storage capacity is evaluated. The modeled CHP plant had its electricity
and heat generation as a function of the consumed fuel, i.e. “one-degree-of-
freedom”. A linear relationship between the size of the energy storage and
the available flexibility was observed, whereas the flexibility saturates with
the increase in CHP capacity, i.e., once the rated thermal capacity of the
CHP plants reaches a fourth of the peak thermal demand, further increase
in installed capacity will not improve the system flexibility. The flexibility
gains for the coupling of the CHP unit with an electric system with photo-
voltaic generation (PV) are also analyzed. The inclusion of the CHP with
energy storage allowed the system to reduce its electricity export around
noon and import during the night. This was achieved by delaying the CHP
energy generation to the evenings, when the PV generation diminished. The
mismatched heat demand was fulfilled, during these hours, by the thermal
energy storage. For the flexibility analysis only an energy balance is con-
sidered. Thus, being necessary an assessment of the flexibility gains derived
from the employment of CHP units alongside thermal energy storage in a
network constrained multi-energy system.
1.2. Paper Contributions and Organization
The main contribution of this paper is the formulation of a model that
allows the assessment of the flexibility gains derived from the integrated
operation of a combined heat and power system. For this purpose, it is de-
vised a combined heat and power unit commitment that allows to introduce
electric network constraints in the operation of CHP units with multiple
degrees-of-freedom. The developed model includes thermal energy storage
and district heating, along with start up costs and ramp constraints. A de-
tailed characterization of the generation units is implemented through the
piecewise linearization of their useful effect as a function of one and two vari-
ables (degrees-of-freedom). The implemented unit modeling and a network-
constrained electric system allows for an analysis of the impact of the CHP
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flexibility on the operation of an electric transmission system. The proposed
model is a Mixed Integer Linear Program (MILP) one.
Given the higher prices for electric energy storage compared to its ther-
mal counterpart [26], the developed framework exploits the thermal storage
in order to store the heat from CHPs when the electric power transmission
system becomes constrained. The sizing of the thermal energy storage fol-
lows the practices employed in modern district heating systems, such as the
one in the city of Turin, where the district heating network has a storage
system with a total volume of more than 12,000 cubic meters2 [27].
Several configurations of CHP systems are considered with the use of 4 test
cases, which focus on: unit flexibility; storage integration; network con-
straints; and coordination of the electric and thermal system.
The paper is organized as follows: Section 2 proposes the mathematical
formulation to include CHPs within the unit commitment and economic dis-
patch optimization framework. The results of the proposed framework are
shown in Section 3. Finally, Section 4 draws the conclusions of the paper.
2. Mathematical Model
2.1. Objective function
For a daily operation, only the operational conditions of the system are
considered. Long-term expenditures such as installation, amortization and
legal costs, are not introduced in the analysis. Therefore, the objective of
the optimization model is to determine the minimum operational cost of the
joint energy system while satisfying the thermal and electrical constraints,
and is formulated as:
min
∑
t
[
C ft + C
st
t + C
OM
t
]
subject to: Scheduling equations (1a) to (7c) (1)
The operational costs of the system can be divided in:
• Fuel consumption:
C ft =
∑
i
cˆfi · fi,t, ∀t. (1a)
2The system stores around 10 % of the annual energy consumed in the city, which is
about 178 GWh of thermal energy.
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• Start-costs: during the start up procedure, due to the thermal inertia
of the plant components, the plant consumes primary energy without
producing useful effect. Thus, incurring in an extra cost of fuel con-
sumption, which is accounted by
Cstt =
∑
i
cˆf,st,i · τi,t, ∀t. (1b)
• Operation and Maintenance (O&M): the O&M cost of each unit de-
pends on the amount of time that the unit runs, the number of start
up procedures that it undergoes and its primary energy consumption.
It is given by
COMt =
∑
i
(cˆOM,tmi · θi,t + cˆOM,sti · τi,t + cˆOM,fi · fi,t), ∀t. (1c)
2.2. Energy systems modeling
2.2.1. Electric energy system
The electric energy system can be modeled by∑
n
[
Edn,t −
∑
i∈EP
Ωin · ei,t
]
= 0, ∀t (2a)∑
n
[
Pn,t −
∑
i∈EP
Ωin · pi,t −
∑
w
pnw,t
]
= 0, ∀t (2b)
Bnw · (δn,t − δw,t) = pnw,t, ∀t (2c)
|pnw,t| ≤ Φnw, ∀t. (2d)
The electric energy balance is given by (2a). The power balance at a
node based on a DC power flow is given by (2b). The Static Thermal Rating
(STR) is defined as the maximum permissible current through a line. (2c)
represents the power flow through a transmission line, whereas its STR is
given by (2d).
2.2.2. Thermal energy system
The thermal energy system is modeleded by
Hdz,t ≥ ηz
[ ∑
i∈HT
Γizhi,z,t + (sz,t − sz,t+1)
]
− Lsz · sz,t, ∀z, t (3a)
hi,t =
∑
z
Γi,zhi,z,t, ∀i ∈ HT, t. (3b)
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The total thermal load is considered per zone, which is represented by
the variable HˆLoad,z,t, while the level of the zonal thermal storage at time t is
given by sHT,z,t. The thermal energy balance for each zone z of the system
is given by (3a). The inequality in (3a) corresponds to the possibility of the
CHP units to dissipate excess heat into the environment, if it is economically
advantageous. Since the thermal system is divided into geographical zones,
it must be noted that the manipulation of the binary parameter Γi,z would
allow the unit i ∈ HT to serve one or more thermal zones, depending on the
topology of the system.The sum of the heat transferred into one or multiple
regions cannot exceed the technical limits of the unit. The total thermal
energy produced by the unit i ∈ HT in the time t is given by (3b).
The losses in the thermal system can be grouped as follows:
• Losses in the heat distribution network: they account for 8-10 % of the
total transferred heat [28]. The constant ηz represents the efficiency of
the heat transfer within the zone z. A conservative value of 92 % is
assumed for ηz.
• Losses in the heat storage system: they can be considered as a fixed
percentage of the storage level for each hour, accounted by the param-
eter Lsz. This parameter depends on the technical characteristics of the
storing device. The efficiency assumed for the storage units is of 98 %
[9], making the parameter Lsz equal to 2 %.
2.3. Unit characterization
2.3.1. Start up procedures
Equations (4a)-(4c) define the value of the variable τi,t, which represents
the undergoing of a start up procedure, thus ensuring that it equals to 1 only
for the time step when the unit i is turned on.
τi,t ≤ θi,t, ∀i, t (4a)
τi,t ≤ 1 − θi,t−1, ∀i, t (4b)
τi,t ≥ θi,t − θi,t−1, ∀i, t. (4c)
The lifetime of a plant is effectively reduced by the number of start up
and shutdown procedures that it undergoes. This is a consequence of the
high levels of mechanical stress imposed in the prime mover by this dynamic
behavior. Therefore, in order to maximize its lifetime, a plant cannot be
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submitted through more than an established number of start ups in a given
period. Constraint (4d) sets the maximum number of start up procedures
per unit during a day ∑
t
τi,t ≤ N sti , ∀i. (4d)
The minimum period that a unit remains committed is given by
θi,t ≥
MTi∑
t˜=1
τi,t−t˜, ∀i, t. (4e)
2.3.2. Performance curves for units with one independent variable
A nonlinear dependency is present between the primary energy consump-
tion and the useful effect production, heat, and electricity, in the generation
units. Therefore, it is necessary to model the characteristic curves as func-
tions that guarantee their convexity and that of the system. For this purpose,
the performance curves of the units are characterized using a piecewise linear
approximation, using the one-dimensional method presented by DAmbrosio
et al. [29]. To characterize the units, their characteristic curves are sam-
pled through Ji breakpoints. Expressions (5a)-(5g) allow the modeling of
the performance curves as a piecewise linear function.
αi,j,t ≤ βi,j−1,t + βi,j,t, ∀i ∈ I1, j, t (5a)
1 =
|Ji|−1∑
j=1
βi,j,t, ∀i ∈ I1, t (5b)
1 =
∑
j
αi,j,t, ∀i ∈ I1, t (5c)
fi,t =
∑
j
αi,j,t · Fˆi,j, ∀i ∈ I1, t (5d)
ei,t =
∑
j
αi,j,t · Eˆi,j, ∀i ∈ EP ∩ I1, t (5e)
pi,t =
∑
j
αi,j,t · Pˆi,j, ∀i ∈ EP ∩ I1, t (5f)
hi,t =
∑
j
αi,j,t · Hˆi,j, ∀i ∈ HT ∩ I1, t. (5g)
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Expressions (5a)-(5c) sets the approximation of the characterized func-
tion to be a convex combination of the extremes of the interval of interest.
The fuel consumption of a unit with one degree of freedom is given by (5d).
Constraints (5a)-(5f) apply to the units i ∈ EP that produce electric power;
while (5a)-(5d), (5g) model the units i ∈ HT producing high temperature
heat. CHP units are modeled by employing (5a)-(5g).
2.3.3. Performance curves of units with two independent variables
The units with two degrees of freedom are those whose useful effect, heat
and electricity, depend on the value of two independent variables, fi,t and
oi,t. Their characteristic curves are sampled through Ji and Ki break-points
for the independent variables fi,t and oi,t, respectively. The modeling of the
characteristic curves of the units with two degrees of freedom is done follow-
ing the triangle method described by D’Ambrosio et al [29]. The constraints
(6a)-(6h) allow the modeling of the performance curves of the different types
of units as a piecewise linear function.
αi,j,k,t ≤ βupi,j,k,t + βupi,j,k−1,t + βlowi,j−1,k−1,t
+ βlowi,j,k,t + β
low
i,j−1,k,t + β
up
i,j−1,k−1,t, ∀i ∈ I2, t (6a)
1 =
|Ji|−1∑
j
|Ki|−1∑
k
(βupi,j,k,t + β
low
i,j,k,t), ∀i ∈ I2, t (6b)
1 =
∑
j
∑
k
αi,j,k,t, ∀i ∈ I2, t (6c)
fi,t =
∑
j
∑
k
αi,j,k,t · Fˆi,j, ∀i ∈ I2, t (6d)
oi,t =
∑
j
∑
k
αi,j,k,t · Oˆi,k, ∀i ∈ I2, t (6e)
ei,t =
∑
j
∑
k
αi,j,k,t · Eˆi,j,k, ∀i ∈ EP ∪ I2, t (6f)
pi,t =
∑
j
∑
k
αi,j,k,t · Pˆi,j,k, ∀i ∈ EP ∪ I2, t (6g)
hi,t =
∑
j
∑
k
αi,j,k,t · Hˆi,j,k, ∀i ∈ HT ∪ I2, t. (6h)
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Figure 1: Triangle method for a CHP unit with two degrees-of-freedom
Figure 1 displays the implementation of the triangle method on a CHP unit
with a back-pressure steam turbine [9]. The unit is characterized through
3 sampling points for the fuel - fi,t and the valve opening - oi,t. As seen in
the figure, a greater fuel input increases both electric - pi,t(f, o) and thermal
generation - hi,t(f, o), respectively represented by the blue and red areas.
Whereas, a bigger opening of the valve increases the thermal generation,
while reducing the electricity output. In this example the CHP is operating
on the upper triangle of the region delimited by the second and third sampling
point.
2.3.4. Technical limits for generation and storage units
The economic parameters and the technical limitations provide an oper-
ational range for the unit i, this limits are represented by (7a) and (7b) For
the thermal storage, the amount of heat accumulated must be non-negative
and below the maximum technical limit of the storage unit. These conditions
are introduced for the zonal storage z ∈ ZTh by constraint (7c).
θi,tEi ≤ ei,t ≤ θi,tEi, ∀i ∈ EP, t (7a)
θi,tH i ≤ hi,t ≤ θi,tH i, ∀i ∈ HT, t (7b)
0 ≤ sz,t ≤ Sz, ∀z, t. (7c)
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Ramp rates limit the power increase and decrease in consecutive periods of
time, here represented by an ramp-up rate, URi, and ramp-down rate, DRi,
respectively [15]. The ramp rates are modeled by
−DRi ≤ ei,t − ei,t−1 ≤ URi, ∀i ∈ EP, t. (8)
3. Test system
In order to demonstrate the effectiveness of the developed optimization
model, a test case made of an electric transmission network and two heating
zones is devised and then analyzed under four operational conditions. The
day-ahead scheduling of the CHPs is done for 24 hours at an hourly time
step. The hourly load at each node of the electric network, as well as the
cumulative load at each thermal zone are given. Techno-economic parameters
of the system and units are based on [9], and given in Table 1.
Table 1: Techno-economic parameters
Parameter Basis Value
C fi Thermal energy, LHV basis
[e/kWh]
0.6
Csti Maximum energy input [e/kWh] 0.009 ·Fˆi,|Ji|
COM,fi Energy input [e/kWh] 0.001
COM,tmi Operating hours [e/h] 0.001
COM,sti Number of startups [e/on] 1
ηz Thermal distribution efficiency [%] 92
Lsz Storage losses [%] 2
|Ji|, |Ki| Sampling intervals for piecewise
linearization of the units
3
N sti Maximum number of startup pro-
cedures for a 24h period
2
MTi Minimum online time 2
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3.1. Electric system
The electric system is a modified IEEE 30-Bus Test Case [30]. Two CHP
plants CHP-1d and CHP-2d have been added to the standard model, located
at nodes 5 and 2, and thermal zones 2 and 1 respectively. The CHP-1d is a
gas turbine with heat recovery while the CHP-2d is a natural gas combined
cycle with back-pressure steam turbine, i.e., its two independent variables
are fuel consumption - fi,t, and valve opening - oi,t. Table 2 presents the
technical parameters for the electric generation units. Their connection bus,
up ramp limit - UR, down ramp limit - DR, as well as their sampling points
for fuel consumption - Fˆi,j and electricity generation - Pˆi,j are presented.
Table 3 provides the technical parameters for the CHP unit with one inde-
pendent variable, CHP-1d, with the addition of the sampling points for its
heat generation - Hˆi,j.
Table 4 gives the technical parameters for the CHP unit with two degrees-
of-freedom, CHP-2d. Given that these unit has two independent variables,
fuel consumption - fi,t, and valve opening - oi,t, the sampling points for its
electric and thermal energy generation must be indexed on both sampling
sets J and K. Therefore, in Table 4, the sampling points for the electric
and thermal generation, Pˆi,j,k and Hˆi,j,k, are provided based on the sampling
points for the fuel and valve opening, Fˆi,j and Oˆi,k.
Table 2: Technical parameters of the electric units
Name Gen 1 Gen 2 Gen 3 Gen 4
Bus 1 8 11 13
UR 288 144 54 72
DR 275 110 45 80
Fˆi,1 888.9 500.0 200.0 275.9
Fˆi,2 1 555.6 875.0 350.0 482.8
Fˆi,3 2 222.2 1 250.0 500.0 689.7
Pˆi,1 288 144 54 72
Pˆi,2 543.2 271.6 101.85 135.8
Pˆi,3 800 400 150 200
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Table 3: Technical parameters of the CHP unit with 1 independent variable
CHP-1d
Bus UR DR Fˆ1 Fˆ2 Fˆ3 Pˆ1 Pˆ2 Pˆ3 Hˆ1 Hˆ2 Hˆ3
5 50 80 408.39 687.67 982.79 60.20 162.19 300.00 282.94 447.39 572.73
Table 4: Technical parameters of the CHP unit with 2 independent variables
CHP-2d
Bus UR DR Fˆj Oˆk Pˆj,k Hˆj,k
5 50 50
457.8 0.0 230.1 190.4 150.3 0.0 79.6 159.7
658.2 40 362.2 323.0 283.2 0.0 102.1 204.7
871.6 80 500.0 462.7 425.0 0.0 124.1 248.4
3.2. Thermal system
The heating system is set up by assigning two thermal zones to the elec-
trical system with a given heat load for each period. Each zone accounts two
boilers, one CHP and a zonal thermal energy storage. The thermal capacity
of the CHPs is taken to be 45 % of the maximum load and the boilers act
as a back-up to fulfill the entire load according to the operational practice of
district heating networks [27]. The topology of the heating system is shown
in Fig. 2. Table 5 presents the technical parameters for the thermal genera-
tion units. Their serving zone, their sampling points for fuel consumption -
Fˆi,j and thermal energy generation - Hˆi,j are presented.
3.3. Energy demand
The load profile for the electric network and the thermal zones for a
typical day are depicted in Fig. 3. The electric load per node has been
normalized based on the energy demand for a typical winter day while keeping
the nodal proportions for energy request present in the original IEEE 30-bus
test case. The same approach has been implemented for designation of the
thermal loads [27]. The load data can be found in the online dataset [31].
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Figure 2: Configuration of thermal zones
Table 5: Technical parameters of the thermal units
Name Boiler 1 Boiler 2 Boiler 3 Boiler 4
Zone 1 1 2 2
Fˆi,1 27.2 22.7 65.2 51.1
Fˆi,2 149.5 125.0 358.7 281.3
Fˆi,3 271.7 227.3 652.2 511.4
Hˆi,1 25.0 20.0 60.0 45.0
Hˆi,2 137.5 110.0 330.0 247.5
Hˆi,3 250.0 200.0 600.0 450.0
3.4. Implementation notes
Given the MILP formulation of the model, it is possible to solve it by
employing an “off-the-shelf solver” to which the optimization data, variables
and constraints are passed. The simulations are performed using the mod-
eling software GAMS 24.9 [32] with Gurobi 7.5 [33] as a MILP solver, on a
computer with an Intel core i5-7200 @ 2.5GHz and 8 GB RAM.
3.5. Results and discussion
3.5.1. Case 1: base case
The constraints described in Section 2 are used to model the joint en-
ergy system. This is done to set a reference for the possible topologies and
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Figure 3: Total electricity demand and zonal thermal energy request for a typical day
methodologies employed for the analysis of the combined energy system.
Figure 4 shows the scheduling of the units which is characterized by the
intensive use of the CHP units for both electrical and thermal dispatch in
which they provide 59 % and 96 % of the requested electric and thermal en-
ergies respectively. In both thermal zones the economic benefits of employing
CHP units are evidenced. Even though the boilers have a high first principle
thermodynamics efficiency, the comparison must be performed by assessing
the amount of fuel needed to generate heat (boiler) and power (electric gen-
erator) separately, against the CHP solution.
The thermal load is satisfied by the CHPs depending on their capacities and
stored energies. The smart usage of thermal storage and CHPs can be seen
explicitly at the sixth hour when the peak demand occurs. At this hour even
though the demand highly exceeds the thermal generation limits of the units
CHP-2d (orange bar) and CHP-1d (red bar) (Figures 4b and 4c) the use of
the stored energy (green bar) removes the need of using the auxiliary boilers.
When the heat is neither consumed nor stored or lost, it is dissipated to the
environment. The dissipated heat is only zero for zone 1. Analyzing the first
four hours of the thermal dispatch at the second zone, Figure 4b, the thermal
load (dashed line) is significantly lower than the heat production from the
CHP-1d (red bar), which leads to heat dissipation during those hours (solid
orange line). The economic benefits of dissipating excess heat in the second
zone, instead of using the boilers, is a consequence of the higher combined
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Figure 4: Optimal schedules for case 1.
20
Table 6: Main model features and optimization results
Case 1 Case 2 Case 3 Case 4
Number of binary variables 1 608 1 608 1 608 1 608
Total number of variables 6 126 6 078 6 126 6 126
Relative MILP gap [%] 5E-03 2E-03 9E-03 0
Computational time [s] 10.14 2.13 1.79 2.67
Total cost [e] 5 585 5 660 5 403 6 201
Cost variation [%] - 1.34 -3.27 11.02
CO2 emissions [ton] 7 083 7 188 6 974 7 674
efficiency of the CHP units when compared to the use of electric generators
with boilers.
Table 6 summarizes the main MILP model features and results obtained for
this and the following test cases.
3.5.2. Case 2: operation without energy storage
Unlike case 1, this case does not include the use of thermal energy storage.
The rest of the system is modeled as in the base case.
As seen in Figure 5, the effect of a lack of storage is different at each zone.
In both thermal zones, the use of boilers increases to aid the CHP units
when the demand exceeds their rated capacity, which is evident in the hours
following the demand peak at the sixth hour. For this case the boilers are
used for 14 hours after the peak, while in the first one (Figure 4) they are
only used for the three and four hours that follow the thermal peak at zones
1 and 2, respectively. In the first zone of the first case it is possible to entirely
satisfy the demand during the first 2 hours from the stored energy, whereas
in the thermal zone 2 the heat is being dissipated during the same hours, as
discussed above. Moreover, when the energy storage is used the amount of
dissipated heat is reduced by 29 % in the second zone.
The more flexible operation of the CHP with 2 degrees-of-freedom and a
smart use of the energy storage system allows the reduction of wasted heat,
thereby increasing the plant efficiency and primary energy savings. This type
of operation is desired under the European Union policy framework, since it
would allow the plants to qualify as high efficiency CHP systems and deserve
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obtaining financial incentives [34].
As expected, the use of energy storage reduces the operational costs of the
system by about 1.3 % as compared with the first case, due to the additional
cost of operating the boilers to fulfill the demand peaks.
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Figure 5: Optimal schedules for case 2.
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3.5.3. Case 3: unconstrained network operation
This case shows the impact of the network constraints on the unit com-
mitment, especially on the CHP units that are closer to the overloaded lines.
For this, an analysis of hour 18, during which the demand is the highest, is
presented. The generation units as well as the thermal energy storage capac-
ity are same as that of the base case.
The removal of the STR constraint (2d) makes the system operating at a
price which is 3.3 % lower than that of the first case. This operation, with
the removal of the STR constraint, leads to the overloading of the line be-
tween nodes 2 and 5; marked in Figure 6a with a red color.
In the network-constrained operation, case 1, the generator 4 is committed
for the hours surrounding the load peaks, 11 to 20. The introduction of this
generator allows the decongestion of line 2-5, by serving more locally the
demand present at nodes 12-22. When compared to case 3, without STR,
the case 1 reduces the energy generated by the CHP-1d and the generator 1
by 18 and 16 %, respectively.
Even though the CHP-2d is directly connected to the line 2-5, its total en-
ergy generation, thermal and electric, does not change. A more general sense
would be to reduce the electric generation in one or both of the CHP units,
connected at both ends of line 2-5, in order to relieve the overloading and to
turn on a-priory more expensive generator. The only change in the operation
of the CHP-2d, is presented in a change in the use of the storage system in
the zone 1, to change the amount of heat and electricity produced around
peak hours. By manipulating the “degrees-of-freedom” of the CHP-2d, it is
possible to control the power flow in the electric system via the modulation
of its energy fed-in; as a result, improving the operational flexibility of the
system against congestion [35].
3.5.4. Case 4: decoupled electric and thermal operation
A decoupled operation is assumed, in which the thermal and electric
energy systems are operated by independent entities. The thermal energy
system has a dispatch priority, thereby prioritizing comfort of the users. For
the thermal unit scheduling, the zones operating with CHPs having 2 degrees-
of-freedom would make use of them as few as possible, favoring the use of
boilers in order to sell more electricity in the market. Those with CHP units
having one degree-of-freedom would pursue the opposite approach, otherwise,
these units cannot produce electricity to be sold. With the results from the
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Figure 6: Power flow in the electric network on the most loaded hour. In red, overloaded
lines, with a power flow higher than the STR. Orange, yellow, green and blue lines are
loaded between 75-100 %, 50-75 %, 25-50 % and below 25 % of their STR, respectively.
The gray lines indicate a lack of power input from the units.
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thermal dispatch i.e. electric generation of the CHP units, the electric energy
dispatch is calculated for the fulfillment of the remaining load.
This case analyzes the impact of the application of a disjoint approach for
the economic dispatch of the energy system.
As seen in Table 6, the implementation of a decoupled economic dispatch
results in an increase of the operational costs by 11 %. The cost increment
is due to:
• non-inclusion of the CHP-2d in the thermal dispatch of the first heat-
ing zone. Even though its combined efficiency is reduced when it is
producing both heat and electricity, it is still higher than the alterna-
tive combination of boilers and generators, as seen in the scheduling
of the first case in Figure 4. The scheduling of this unit in the first
case is a clear situation where the economic optimum differs from the
thermodynamic one;
• the reduction of the energy output of CHP-1d by 15 % as compared
to the first case. This is a consequence of operation of the heating
zone 2 where no heat is dissipated. This contributes to an increase in
the operation cost of the joint system as seen in the first case, since
it is economically favorable to dissipate heat in that zone in order to
reduce the costs associated with the electricity generation from more
expensive units.
The joint operation of the thermal and electric system, case 1 vs. case 3,
allows to reap economic benefits, as well as increase the system flexibility
and operational efficiency; by reducing the dissipated heat.
4. Conclusion
A detailed MILP model has been developed to address a mixed integer
non-linear problem for the combined heat and power (CHP) unit commitment
with multiple heating zones, thermal energy storage and electric network
constraints. Four case studies addressing the impact of the co-generators
flexibility, i.e. one or two degrees-of-freedom, the presence of thermal energy
storage, transmission constraints and the joint operation of the thermal and
electric systems are considered.
An analysis of the evaluated test cases allows to come to the following con-
clusions:
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• A flexible operation of CHPs with two-degrees of freedom results in
district heating zones without heat dissipation. Such units allow a
smarter energy management by enabling for some hours the fulfillment
of the thermal load entirely from the thermal storage system, freeing the
generation units to produce more electricity depending on the electric
load and price profile. This operation improves the revenue possibilities
of a CHP plant.
• The use of thermal energy storage increases the primary energy savings
of the CHP system. The amount of dissipated heat is decreased by a
quarter when the storage is employed. Additionally, the storage system
reduces the need of using auxiliary boilers by more than 60 % for the
considered case. Resulting in economic benefits related to the savings
in the operation and maintenance costs of these units.
• By considering a joint electricity and heat system when scheduling
network-constrained CHP systems, the economic benefits of employing
co-generation units have been confirmed by a power flow redistribution
that allows them to operate at high generation rates, in spite of being
directly connected to the overloaded lines. Such flow redistribution
increased the system operational cost by about 3 % for the considered
case, which is considerably low in comparison to the value of lost load
in northern countries, i.e. the amount that the end users would be
willing to pay to guarantee an uninterrupted energy supply.
In systems with variable renewable power generation there is a need to
compensate for their sudden fluctuations. This can be done with the use of
flexible CHP-plants and heat storage, which would allow to balance the elec-
tricity and heat production, thereby minimizing the generation costs. Such
a balance could be obtained with the storing of excess heat, in comparison
to the thermal demand, produced by the CHP units while the renewable
resources are producing electricity. Once the renewable generation varies,
the CHP units can adjust their generation output to serve the mismatched
electric load.
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